Hippocampal interneurons inhibit pyramidal neurons through the release of the neurotransmitter GABA. Given the importance of this inhibition for the proper functioning of the hippocampus, the development of inhibitory synapses must be tightly regulated. In this study, the possibility that neuronal activity and neurotrophins regulate the density of GABAergic inhibitory synapses was investigated in organotypic slice cultures taken from postnatal day 7 rats.
Hippocampal interneurons inhibit pyramidal neurons through the release of the neurotransmitter GABA. Given the importance of this inhibition for the proper functioning of the hippocampus, the development of inhibitory synapses must be tightly regulated. In this study, the possibility that neuronal activity and neurotrophins regulate the density of GABAergic inhibitory synapses was investigated in organotypic slice cultures taken from postnatal day 7 rats.
In hippocampal slices cultured for 13 d in the presence of the GABA A receptor antagonist bicuculline, the density of glutamic acid decarboxylase (GAD) 65-immunoreactive terminals was increased in the CA1 area when compared with control slices. Treatment with the glutamate receptor antagonist 6,7-dinitroquinoxaline-2,3-dione decreased the density of GAD65-immunoreactive terminals in the stratum oriens of CA1. These treatments had parallel effects on the density of GABAimmunoreactive processes. Electron microscopic analysis after postembedding immunogold labeling with antibodies against GABA indicated that bicuculline treatment increased the density of inhibitory but not excitatory synapses. Application of exogenous BDNF partly mimicked the stimulatory effect of bicuculline on GAD65-immunoreactive terminals. Finally, antibodies against BDNF, but not antibodies against nerve growth factor, decrease the density of GAD65-immunoreactive terminals in bicucullinetreated slices.
Thus, neuronal activity regulates the density of inhibitory synapses made by postnatal hippocampal interneurons, and BDNF could mediate part of this regulation. This regulation of the density of inhibitory synapses could represent a feedback mechanism aimed at maintaining an appropriate level of activity in the developing hippocampal networks.
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Hippocampal interneurons inhibit pyramidal cells through the release of the neurotransmitter GABA (Freund and Buzsáki, 1996) . According to their axonal projection and neurochemical characteristics, the interneurons can be classified into several subgroups (Freund and Buzsáki, 1996) . Interneurons innervating the cell body of pyramidal neurons may exert the inhibitory effect by suppressing sodium-dependent action potentials, whereas interneurons innervating the dendrites of pyramidal neurons may suppress calciumdependent dendritic spikes (Miles et al., 1996) .
There is an important maturation of hippocampal excitatory transmission during the postnatal period. Non-NMDA glutamatergic transmission becomes prominent at the end of the first postnatal week, simultaneous with the establishment of the hyperpolarizing effects of GABA (Ben-Ari et al., 1989 Hosokawa et al., 1994; Durand et al., 1996; Petralia et al., 1999) . The first postnatal month is also characterized by an increase in the number of excitatory synapses (Steward and Falk, 1991) . Thus, the number and/or efficiency of inhibitory synapses may also increase during the postnatal period to adjust the strength of inhibition to counter the increased number of excitatory synapses.
Neuronal activity is a good candidate to regulate the development of inhibitory synapses. After chronic blockade of neuronal activity in cortical cell cultures, the transfer to control medium results in an increased activity likely attributable to, at least in part, a decrease of GABA-mediated inhibition (Rutherford et al., 1997) . The neurotrophin brain-derived neurotrophic factor (BDNF) might mediate this activity-dependent modulation of synaptic inhibition. BDNF is synthesized and released by pyramidal neurons in an activity-dependent manner (Thoenen, 1995) . BDNF treatment prevents the decrease of GABA-mediated inhibition during chronic blockade of neuronal activity (Rutherford et al., 1997) . Furthermore, downregulation of BDNF in hippocampal cultures reduces the frequency of miniature IPSCs (Murphy et al., 1998) . However, these experiments do not discriminate between the effects of neuronal activity and BDNF on either the efficacy or the number of inhibitory synapses. The hypothesis of a presumptive control of the number of inhibitory synapses by neuronal activity has been evaluated previously in ultrastructural studies. For instance, in organotypic cerebellar cultures, neuronal activity exerts its effects on synaptic inhibition by increasing the number of inhibitory synapses , and this regulation seems to be mediated by BDNF (Seil, 1999) . Control of the number of inhibitory synapses by neuronal activity also occurs in the somatosensory cortex in vivo, because sensory deprivation during development causes a specific decrease in the number of GABAergic synapses in the rat barrel field cortex (Micheva and Beaulieu, 1995) .
The present study was undertaken to determine whether neuronal activity and BDNF can regulate the density of inhibitory synapses made by postnatal hippocampal interneurons. Organotypic slice cultures of the hippocampus were used, because both excitatory transmission and BDNF expression mature in the slices with a similar time course to that seen in vivo Förster et al., 1993; Muller et al., 1993) . Slices were taken from 7-d-old rats, when GABAergic transmission becomes hyperpolarizing and non-NMDA glutamatergic transmission is established (Ben-Ari et al., 1997). Endogenous neuronal activity was manipu-lated by chronic application of antagonists of either GABA A or non-NMDA glutamate receptors. The effects of these treatments on GABAergic synapses were evaluated with light microscopy, using antibodies against GABA or the GABA-synthesizing enzyme glutamic acid decarboxylase (GAD) 65 and ultrastructurally with the postembedding immunogold labeling with antibodies against GABA. The quantitative results indicate that neuronal activity regulates the density of inhibitory synapses made by postnatal hippocampal interneurons and that BDNF could mediate part of this process.
MATERIALS AND METHODS
Slice culture. Hippocampal slice cultures were prepared according to the method developed by Stoppini et al. (1991) , except that a defined medium was used. Seven-day-old Wistar rats (Iffa Credo, L'arbresle, France) were decapitated, and their brains were rapidly removed. Hippocampi were dissected in Gey's balanced salt solution (catalog #24260 -028; Life Technologies, C ergy Pontoise, France) with 5 mg /ml glucose under sterile conditions. Slices, 350-m-thick, were cut perpendicular to the septotemporal axis of the hippocampus using a McI llwain tissue chopper (Mickle Laboratory, Surrey, UK). Hippocampal slices were first transferred into the culture medium, separated, and ultimately transferred onto Millicell-C M membranes (Millipore, St. Quentin Yvelines, France). T welve adjacent slices were obtained per brain. Adjacent slices were transferred onto different Millicells to compare the effects of the treatments with adjacent control material.
The Millicell membranes were kept above 750 l of defined medium in six-well plates. The medium consisted of minimum essential medium (catalog #11012-010; Life Technologies), 1% D-glucose, 5 mM Tris-HC l, 100 g /ml bovine serum albumin (BSA), 100 g /ml transferrin, 16 ng /ml putrescin, 40 ng /ml Na-selenium, 30 ng /ml tri-iodothyronin, 5 g /ml insulin, and 60 ng /ml progesterone. All chemicals were purchased from Sigma (St. Quentin Fallavier, France). Slices were incubated at 35°C in 5% C O 2 . The medium was exchanged every second or third day.
Pharmacolog ical treatments. To manipulate neuronal activity in the slices, either 10 M of the GABA A receptor antagonist bicuculline (Sigma) or 20 M of the non-NMDA glutamate receptor antagonist 6,7-dinitroquinoxaline-2,3-dione (DNQX) (Sigma) were added to the medium during the 13 d of the cultivation period.
One microliter of recombinant human BDN F (Chemicon, Temecula, CA) at a dilution of 100 ng /l in PBS (catalog #14200 -067; Life Technologies) containing 0.1% BSA (Sigma) was applied directly on top of each slice as described previously (Marty et al., 1996) . The neurotrophin was applied twice to the slices at 7 and 10 DIV, after exchange of the medium. Recombinant human neurotrophin-3 (N T-3) (Upstate Biotechnology, Lake Placid, N Y) at a dilution of 100 ng /l in PBS containing 0.1% BSA was applied as described above for BDN F. The neurotrophins were applied to untreated or DNQX-treated slices. In this last case, adjacent slices treated with DNQX only were used as controls. One microliter of PBS containing 0.1% BSA was applied to control slices as described above for the neurotrophins.
Antibodies against BDN F (50 g /ml) (which is considered as specific by the provider; catalog #G1641; Promega, Madison, W I) or antibodies against nerve growth factor (NGF) [a gift of Dr. Yves-Alain Barde (MaxPlanck-Institute, Martinsried, Germany)] were added to the medium during the 13 d in culture. The medium containing the antibodies was exchanged every second or third day. The antibodies were added to bicuculline-treated slices, and adjacent slices treated with bicuculline alone were used as controls.
Immunohistochemistr y for light microscopy. After 13 d in culture, control and adjacent treated slices were fixed for 1.5 hr in 4% paraformaldehyde in phosphate buffer (0.12 M PBS, pH 7.4) at 4°C, rinsed several times in PBS, and incubated for 1 hr in 0.12 M phosphate buffer, pH 7.4, containing 0.9% NaC l, 0.25% Triton X-100, 0.1% gelatin, 0.1% sodium azide (PBSGTA), and lysine (0.1 M). The slices were then incubated overnight with antibodies raised against GAD65 [1:1000; GAD-6, this monoclonal antibody developed by D. I. Gottlieb (Washington University School of Medicine, St. L ouis, MO) was obtained from the Developmental Studies Hybridoma Bank developed under the auspices of the National Institute of Child Health and Human Development and maintained by the University of Iowa, Department of Biological Sciences (Iowa C ity, IA)] or GABA (1:2000; rabbit polyclonal antibodies A-2052; Sigma) diluted in PBSGTA. After washes, the slices were incubated for 3 hr with a solution containing either goat anti-mouse or goat anti-rabbit C Y3 (1:1000; Jackson ImmunoResearch, West Grove, PA). After washes, the slices were mounted in mowiol (C albiochem, La Jolla, CA), examined, and photographed with a Z eiss (Oberkochen, Germany) Axiophot.
Quantification of the densit y of GA D65-immunoreactive puncta and GA BA-immunoreactive processes in the CA1 area. Immunofluorescence was observed with a Z eiss L SM 410 confocal microscope, using 543 nm excitation wavelength and 570 nm emission wavelength. The explants were observed with the 63ϫ/1.4 numerical aperture lens (Plan-Apochromat; Z eiss). The pinhole was set at 20, and the resolution was 0.75 m on z-axis. Confocal sections of the labeling were obtained every 1 m in the middle of the hippocampal slices in the CA1 region. The labeling was present in 10 -15 m in the thickness of the slices. For GAD65 immunoreactivity, three areas were sampled, in the stratum oriens, the stratum pyramidale, and the stratum radiatum. For GABA immunoreactivity, only the stratum oriens was sampled because of the poor quality of labeling in the other areas of the CA1 subfield. Three-dimensional reconstructions of these confocal sections were then obtained using L SM software (Z eiss) and printed at a magnification of 880ϫ.
For quantification of the density of GAD65-immunoreactive puncta or of GABA-immunoreactive processes, a 36 cm 2 square with a lattice of puncta spaced by 0.5 cm was applied over the prints of the threedimensional reconstructions. The number of points of the lattice hitting the elements of interest was then counted to determine the density of these elements (Gundersen et al., 1988) . For each treatment, counts were performed blindly in slices taken from three to five animals. For each animal, two or three slices were used as control, and two or three adjacent slices were treated. At least two independent experiments were done for each experimental condition. The mean of the values was calculated for each animal for either the control or the treated slices. The mean value, SD, and SEM were then calculated from these mean values obtained with different animals. Because we were interested in the effects of the treatments relative to controls rather than in absolute values, these mean values are presented as percentages of control values, together with the SEM. The number of animals for each condition is indicated below each bar of the histograms in the figures. Comparison between the mean values of control and treated slices was performed by statistical analysis using the two-tailed unpaired Student's t test.
Postembedding immunohistochemistr y. After 13 DIV, the culture medium of control and treated slices was exchanged for a solution containing 3 ⁄4 vol of culture medium -1 ⁄4 vol of fixative (1% paraformaldehyde and 2.5% glutaraldehyde in PBS) for 5 min, followed by 1 ⁄2 vol of culture medium -1 ⁄2 vol of fixative for 5 min, followed by 1 ⁄4 vol of culture medium -3 ⁄4 vol of fixative for 5 min, followed by fixative. Then the fixative was added also over the slices for 2 hr at 4°C. The slices were then transferred into a solution containing 2% osmium tetroxide for 2 hr. After washes, the slices were stained en bloc with a solution containing 2% uranyl acetate for 45 min. After washes, the slices were dehydrated in graded ethanols and flat embedded in Araldite. For each slice, one block containing the CA1 area was trimmed out from the middle of the slice. These blocks were sectioned with a Reichert-Jung ultramicrotome. In preliminary experiments, 1-mthick semithin sections were made in 26 control, 10 bicuculline-treated, and 12 DNQX-treated slices. One every 6th, 10th, or 15th section was stained with 0.5% toluidine blue (catalog #1.15930; Merck, Darmstadt, Germany) in 1% di-sodium tetraborate (catalog #6306; Merck) in distilled water. These preliminary experiments indicated that areas of necrosis were not observed in our preparation, that the final thickness of the slices was ϳ180 m, and that there were no significant differences between the thickness of control and bicuculline-or DNQX-treated slices. Ultrathin sections were collected onto 300 mesh nickel grids at a depth of 90 m in the thickness of control or bicuculline-treated slices.
The ultrathin sections were treated for 5 min with 1% periodic acid, washed with ultrapure water, treated with 1% sodium metaperiodate, washed, and incubated 45 min with 5% bovine serum albumin in Trisbuffered saline, pH 7.6. After washes, the sections were incubated overnight at 4°C with rabbit polyclonal antibodies against GABA (1:250; catalog #0602; Immunotech, Marseille, France). After washes, the sections were incubated with goat anti-rabbit immunogold conjugate with 15 nm gold particles (1:10; EM-GAR15; British Bio C ell International, C ardiff, UK) for 1 hr. After rapid washes in ultrapure water, the sections were stained with uranyl acetate and lead citrate and examined with a Philips C M100.
Quantification of the densit y and morpholog ical characteristics of GA BAand non-GA BA-immunoreactive synapses in the stratum oriens. Counts of GABA-immunoreactive synapses were performed on sections taken from four animals, with two or three control and two or three adjacent bicuculline-treated slices analyzed per animal. For each slice, only one section was analyzed. For each section, two squares of the grid located in the stratum oriens were systematically screened, each square measuring 3969 m 2 , and the GABAergic synapses that had their synaptic junction in the plane of the section were counted. Stereological methods were not used for counting the synapses, because our quantification was not intended to obtain absolute values for which other counting methods are more appropriate (Guillery and Herrup, 1997) . Instead, our counts were determined solely to compare relative synaptic densities in treated and control slices. GABAergic presynaptic terminals contained synaptic vesicles and gold particles and could therefore easily be identified. The synaptic junctions were identified by the slight widening of the synaptic cleft and the parallel disposition of presynaptic and postsynaptic membranes undercoated by cytoplasmic differentiations (Peters et al., 1991) . In three control and three adjacent treated sections, the counts were repeated blindly. The GABAergic synapses were also photographed at a 27,500ϫ magnification on sections taken from three of the animals used for quantification of synaptic number, with three control and three adjacent bicuculline-treated slices per animal. The electron photomicrographs were printed at a magnification of 60,000ϫ. Using these photomicrographs, the area of the presynaptic terminals and the length of the synaptic junctions were measured, and the number of gold particles was counted. The gold particles in mitochondria were excluded. The area of presynaptic terminals was measured by applying a lattice of puncta spaced by 1 cm over the photographs. The number of points overlying presynaptic terminals was counted to determine the area of these terminals (Gundersen et al., 1988) .
Counts of non-GABA-immunoreactive synapses were performed on sections taken from three animals, with three control and three adjacent bicuculline-treated slices analyzed per animal. The counts of non-GABAimmunoreactive synapses were performed blindly in the squares in which GABAergic synapses were previously counted. Non-GABAergic synapses with a presynaptic terminal containing at least three synaptic vesicles were counted. These non-GABAergic synapses exhibited a widened synaptic cleft and thicker postsynaptic differentiations than the GABA-labeled synapses, and they most probably belong to excitatory synapses (Peters et al., 1991 ). An analysis of 84 presynaptic terminals from this type of synapses indicated that they contained a very low number of gold particles, with a mean value of 0.1 particles/0.03 m 2 in control slices and 0.07 particles/0.03 m 2 in bicuculline-treated slices. Results were obtained in two independent experiments. The distribution of the values from slices of each animal, for each of the parameters that were analyzed, i.e., area of GABAergic presynaptic terminals, length of synaptic junctions of GABAergic synapses, and density of gold particles in GABAergic presynaptic terminals, exhibited one clear peak. Furthermore, the distribution of these values was similar in control and bicucullinetreated slices. The mean of the values was calculated for each animal for either control or treated sections. The mean value, SD, and SEM were then calculated from these mean values obtained with different animals. Because we were interested in the effects of the treatments relative to control rather than in absolute values, these mean values were presented as percentages of control values, together with the SEM. The number of animals is indicated below each bar of the histograms in the figures. Comparisons between the mean values of control and treated slices were performed by statistical analysis using two-tailed, unpaired Student's t test.
RESULTS
Flattening of hippocampal slices was apparent after 2 d in culture. This flattening increased progressively over time, particularly at the edge of the slices. Nevertheless, the slices retained their structural organization over the incubation period. The pyramidal and dentate granule cell layers remained easily detectable, except for the infra-pyramidal blade of the dentate gyrus, which is generated at a later date and could not be recognized clearly as a cell layer. Treatment of the slices with bicuculline, DNQX, BDNF, or NT-3 did not induce conspicuous changes either in the size of the slices or their organotypic organization. We selected the CA1 area to examine the effects of modifications of neuronal activity or neurotrophin levels on GAD65 immunoreactivity, GABA immunoreactivity, or synapse density.
Effects on GAD65 immunoreactivity of treatments with GABA A or non-NMDA glutamate receptor antagonists, BDNF or NT-3, or antibodies against BDNF or NGF After 13 DIV, a dense, punctate GAD65 immunolabeling was observed throughout the CA1 area ( Fig. 1 A, C,E) . This punctate immunostaining was less dense in the stratum pyramidale than in the other layers (Fig. 1 E) . Scattered GAD65-immunoreactive soma were occasionally observed (Fig. 1C,E) .
In bicuculline-treated slices, an increase in the density of GAD65-immunoreactive puncta was evident in all layers ( 1 B, D,F ), although it was more prominent in the stratum oriens. Quantification of the density of GAD65-immunoreactive puncta indicated a 133% increase in the stratum oriens, a 42% increase in the stratum pyramidale, and a 32% increase in the stratum radiatum (Fig. 2 A-C) .
In DNQX-treated slices, a decrease in the density of GAD65-immunoreactive puncta was observed in the stratum oriens (Fig.  3A-D) . Quantification of this density revealed a 38% decrease in the stratum oriens, whereas no significant decreases were observed in the stratum pyramidale or in the stratum radiatum (Fig. 2 A-C) .
In slices treated with BDNF during the last 6 DIV, the density of GAD65-immunoreactive puncta increased in the stratum oriens. Quantification of the density of these puncta indicated a 63% increase in the stratum oriens (Fig. 4 A) . BDNF has been shown to facilitate excitatory transmission (Berninger and Poo, 1996; Schuman, 1999) . To exclude the possibility that the effects of BDNF on the density of GAD65-immunoreactive puncta could arise from a direct increase in excitatory transmission, BDNF was applied to DNQX-treated slices. Under these conditions, the density of GAD65-immunoreactive puncta was also increased in the stratum oriens (43%) when compared with the stratum oriens of DNQXtreated slices that received BSA only (Fig. 4 B) . However, stimulation with NT-3 did not affect the density of GAD65-immunoreactive puncta in the stratum oriens of DNQX-treated slices (Fig. 4C) .
In bicuculline-treated slices that received in addition antibodies against BDNF, the density of GAD65-immunoreactive puncta was decreased in the stratum oriens when compared with adjacent slices treated only with bicuculline. Quantification of the density of these puncta indicated a 38% decrease in the stratum oriens (Fig.  4 D) . On the other hand, addition of antibodies against NGF did not affect the density of GAD65-immunoreactive puncta in the stratum oriens of bicuculline-treated slices (Fig. 4 E) .
Effects of treatments with GABA A and non-NMDA glutamate receptor antagonists on GABA immunoreactivity
In cultures stained with anti-GABA antibodies, immunoreactivity was very dense and not restricted to punctated elements. In addition, despite the use of confocal microscopy, immunostained structures were sharply defined only in the thinnest regions, i.e., at the borders of the slices, containing the stratum oriens (Fig. 5) . In thicker slice regions, containing the strata pyramidale and radiatum, the immunolabeling was somewhat blurred and variable, probably because of the large amounts of GABA present in the thick part of the slices and its presumed leakage during fixation. As such, quantitative analyses were therefore restricted to the stratum oriens.
In control slices after 13 DIV, a dense network of labeled processes was observed in the stratum oriens (Fig. 5 A, C) . At the periphery of the slices, the network consisted of a bundle of thin, varicose, parallel processes (Fig. 5A) , whereas such thin, varicose processes ran in every direction in the middle of the stratum oriens (Fig. 5C ). Other labeled processes were also distinguished, which were thicker and tapered along their course (Fig. 5A ). Faintly stained cell bodies were also observed ( Fig. 5 A, C) .
In bicuculline-treated slices, an overall increase in the density of GABAergic processes occurred in both the peripheral parallel bundle and the middle of the stratum oriens (Fig. 5 B, D) . There was no increase in the staining intensity of cell bodies (Fig. 5C,D) . Quantification of the density of GABA-immunoreactive processes indicated a 29% increase in the stratum oriens (Fig. 6 A) .
In DNQX-treated slices, a decrease in the density of GABAergic processes was observed both at the border and in the middle of the stratum oriens (Fig. 7A-D) . This decrease coexisted with an increase in the intensity of immunostaining of thick processes and cell bodies (Fig. 7 B, D) . Quantification of the density of GABAimmunoreactive processes indicated a 31% decrease in the stratum oriens (Fig. 6 B) .
Effects of treatment with the GABA A receptor antagonist bicuculline on GABAergic and nonGABAergic synapses in the stratum oriens
The ultrastructural study allowed us to ascertain that neurons in the slices were healthy and that there were no signs of degeneration in synaptic terminals. In control slices after 13 DIV, the GABAergic axon terminals in the stratum oriens were readily identified on the basis of containing both synaptic vesicles and gold particles, together with the symmetric appearance of their synaptic complexes (Fig. 8 A) . The lower values found in the 104 GABAergic synapses analyzed were five vesicles and seven gold particles (mean value, 42 gold particles per terminal; the gold particles in mitochondria were not counted). The shape of these axon terminals was most often irregular, varying from rounded to elongated. Sometimes, en passant terminals were observed. In bicuculline-treated slices, GABAergic synapses were also clearly identifiable in the stratum oriens (Fig. 8 B) . The lower values found in the 170 GABAergic synapses analyzed were seven vesicles and five gold particles (the gold particles in mitochondria were not counted). The density of GABAergic synapses in bicuculline-treated slices was increased by 79% when compared with adjacent, control slices (mean Ϯ SEM; 14 Ϯ 1 GABAergic synapses per 7938 m 2 in control slices, and 25 Ϯ 3 GABAergic synapses per 7938 m 2 in bicuculline-treated slices) (Fig. 9A) .
Non-GABAergic synapses were distinguished from GABAergic synapses by their almost complete lack of gold particles ( Fig.  8 A, B) . Furthermore, the postsynaptic differentiations of nonGABAergic synapses were thicker and more electron-dense than those of GABAergic synapses (Fig. 8 A, B) . Non-GABAergic synapses were more frequently encountered than GABAergic synapses (mean Ϯ SEM; 135 Ϯ 8 non-GABAergic synapses per 7938 m 2 ). However, bicuculline treatment did not significantly change the density of non-GABAergic synapses (mean Ϯ SEM; 114 Ϯ 18 non-GABAergic synapses per 7938 m 2 ) (Fig. 9B) . In control slices, the mean area of GABAergic axon terminals was 0.5 Ϯ 0.03 m 2 , whereas the mean length of their synaptic complexes was 334 Ϯ 5 nm, and the mean density of gold particles was 2.4 particles/0.03 m 2 . The increase in the density of GABAergic synapses after bicuculline treatment occurred without detectable changes in the area of GABAergic terminals, the length of their synaptic complexes, or in the number of gold particles per unit area of terminal axoplasm (Fig. 9C-E) .
DISCUSSION
The results of this study indicate that neuronal activity regulates the density (number per surface area) of GAD65-immunoreactive inhibitory terminals in organotypic slice cultures from rat postnatal hippocampus. When endogenous neuronal activity was increased by blocking GABA A receptors, the density of GAD65-immunoreactive terminals increased. An opposite effect was observed when neuronal activity was reduced by blockade of non-NMDA glutamate receptors. The density of GABA-immunoreactive processes was regulated in the same manner. Electron microscopic analysis indicated that neuronal activity exerted at least part of its effects by increasing the density of GABAergic synapses. BDNF application mimicked partly the effect of neuronal activity on GAD65-immunoreactive terminals. Finally, antibodies against BDNF but not against NGF decreased the density of GAD65-immunoreactive terminals in bicuculline-treated slices. These results indicate that neuronal activity regulates the density of inhibitory synapses in organotypic slice cultures of postnatal hippocampus and that this process is partly mediated by BDNF.
Activity-dependent regulation of the density of inhibitory synapses
Subcellular fractionation and immunohistochemistry have revealed that GAD65 is enriched in presynaptic terminals (Erlander et al., 1991; Esclapez et al., 1994) . Because 90% of hippocampal interneurons expressing GAD67 also express GAD65 (Stone et al., 1999) , the latter is an optimal, light microscopic marker of presynaptic inhibitory terminals. In the present study, the density of GAD65-immunoreactive puncta was increased in response to an increased neuronal activity induced by bicuculline treatment, and, in the stratum oriens only, decreased in response to a decrease of neuronal activity after DNQX treatment. Changes in the density of GAD65-immunoreactive puncta did not result from differential shrinkage of the tissue, because the thickness of the slices remained constant after bicuculline or DNQX treatments (see Materials and Methods). These modifications were probably also independent from changes in the survival of inhibitory neurons, because spontaneous pyramidal cell death in hippocampal organotypic cultures can be blocked by glutamate receptor antagonists (Pozzo Miller et al., 1994) . Thus, increasing neuronal activity should be expected to promote excitotoxic cell death rather than increasing the density of GAD65-immunoreactive puncta. Therefore, if the survival of interneurons is regulated by activity in the same manner as the survival of pyramidal neurons, the modulation of the density of GAD65-immunoreactive terminals most likely results from a modulation of the number of axon terminals per interneuron.
Different types of interneurons innervate the different layers of the hippocampal slices (Freund and Buzsáki, 1996) . After bicuculline treatment, GAD65-immunoreactive terminals increased their overall density, suggesting that neuronal activity controls the density of GAD65-immunoreactive terminals of various types of interneurons. In contrast, DNQX treatment decreased the density of GAD65-immunoreactive terminals only in the stratum oriens. Interneurons that exclusively innervate the stratum oriens (Parra et al., 1998) could be particularly sensitive to activity deprivation. Alternately, the effects of modifications of neuronal activity may be more important for axon terminals in the stratum oriens, even for interneurons that also have axon terminals in other layers. This more valid hypothesis is supported by our observation that, after bicuculline treatment, despite the general numerical increase of GAD65-labeled terminal in different layers of the CA1 area, the increase in the stratum oriens was the most prominent. Whatever the reason for this different response in specific regions, the regulation of the density of GAD65-immunoreactive terminals is less profound after DNQX than after bicuculline treatment, suggesting that this regulation is more sensitive to an increase than to a decrease in neuronal activity.
The modulation of the density of GAD65-immunoreactive puncta by neuronal activity suggests an effect of the activity on the real number of inhibitory synapses, providing some indirect evidence on the role of neuronal activity in the establishment of hippocampal circuitry. However, the observed changes could be also explained by an activity-dependent regulation of GAD65 mRNA transcripts, thereby increasing GAD65 protein levels in already existing inhibitory terminals; more enzymatic protein would produce more biosynthesis of GABA. Such an hypothetical increase of both antigens contents could increase the density of axon terminals that contain GAD65 and GABA at levels above the threshold for immunohistochemical detection. Neither of these two mechanisms explains, however, the difference between the 133% increase in GAD65-positive terminals and the much lesser (29%) increase in GABA-labeled processes observed in bicucullinetreated slices. This apparent discrepancy could be explained considering that GABA immunohistochemistry likely labels both dendrites and axons of interneurons. However, that an activitydependent modulation of the dendrites of the interneurons could contribute to the modifications of GABA immunoreactivity remains to be determined.
Our electron microscopy study does provide the required evidence in favor of an activity-dependent mechanism regulating the density of inhibitory synapses. The increase in numerical density found in the stratum oriens of cultures treated with bicuculline, occurred without the following: (1) changes in the surface area occupied by the terminals; (2) changes in the length of synaptic complexes; and (3) changes in the density of gold particles. Thus, it is likely that the observed numerical increase is neither the result of an enlargement of the terminals nor an increase of the GABA content. It can only be explained by a real augmentation in number of inhibitory synapses. The increase in the density of GABAimmunoreactive synapses after bicuculline treatment (79%) was less important than the increase in the density of GAD65-immunoreactive puncta (133%). This numerical mismatch suggests that, in addition to regulating the density of GABAergic synapses, neuronal activity regulates also GAD65 levels, as reported in other systems (Hendry and Jones, 1988; Aamodt et al., 2000) . The activity-dependent modulation of the density of inhibitory synapses during postnatal development could be a general process, because such a density is also regulated by neuronal activity in organotypic cerebellar cultures and in the rat barrel field neocortex in vivo (Micheva and Beaulieu, 1995) . Finally, this modulation of the density of inhibitory synapses by neuronal activity could explain the decrease of GABA-mediated inhibition that follows activity blockade in neocortical cultures (Rutherford et al., 1997) . 
Possible involvement of BDNF in the activity-dependent regulation of the density of inhibitory synapses
Neuronal activity regulates BDNF mRNA levels and BDNF release (Zafra et al., 1991 (Zafra et al., , 1992 Goodman et al., 1996; Heymach et al., 1996; Canossa et al., 1997; Shieh et al., 1998; Tao et al., 1998; Mowla et al., 1999) . BDNF treatment mimicked the effects of a raise in neuronal activity on the density of GAD65-immunoreactive terminals. The effect of BDNF was specific, because NT-3 did not affect GAD65 immunoreactivity despite the fact that its receptor, TrkC, is expressed in the hippocampus (Barbacid, 1994) . Furthermore, treatment with antibodies against BDNF decreased the density of GAD65-immunoreactive terminals in bicuculline-treated slices. This effect appeared specific, because antibodies against NGF did not affect GAD65 immunoreactivity, although NGF is synthesized and released by hippocampal neurons in an activity-dependent manner (Thoenen, 1995) . These results are in agreement with previously published data showing that BDNF increases the number of axonal branches and the total length of GABA-immunoreactive axons in dissociated cultures from embryonic hippocampus (Vicario-Abejón et al., 1998) . The effects of BDNF on inhibitory terminals are not limited to hippocampal neurons and has been also reported in organotypic cerebellar slices (Seil, 1999) . Furthermore, BDNF is also implicated in the activity-dependent regulation of the development of ocular dominance in primary visual cortex in which it plays a key role in the modulation of intracortical inhibitory interneurons (Berardi and Maffei, 1999; Huang et al., 1999) . However, treatment with antibodies against BDNF (the present study) did not fully The asterisks mark labeled presynaptic terminals of GABAergic synapses, which contain pleomorphic synaptic vesicles, and establish type II synaptic complexes. Note the difference in the densities at the cytoplasmic faces of the postsynaptic differentiations (arrowheads) in GABAergic and non-GABAergic (stars) synapses. The latter correspond to type I synaptic complexes. Scale bars, 300 nm.
antagonize the effect of bicuculline on the numerical increase of GAD65-immunoreactive terminals. This partial effect could arise from insufficient blockade of available BDNF. Nevertheless, our observation that BDNF treatment reproduces only 47% of the bicuculline effect strongly suggests that this neurotrophin mediates only part of the effects of increased activity on inhibitory synapse density.
The mechanism of action of BDNF on inhibitory terminals remains to be elucidated. In this study, BDNF exerted its effect on GAD65-immunoreactive terminals in DNQX-treated slices. This result indicates that the increased density of GAD65-immunoreactive terminals after BDNF treatment was not attributable to an enhancement of excitatory synaptic transmission by the neurotrophin (Berninger and Poo, 1996; Schuman, 1999) . However, in addition to the activation of intracellular signaling pathways, BDNF may also depolarize neurons through the activation of a sodium ion conductance (Kafitz et al., 1999) . Whether such depolarizing effects of BDNF contribute to the effects of this neurotrophin on inhibitory terminals remains to be tested.
From a functional point of view, the effect of BDNF on the density of inhibitory synapses may underlie the capability of chronic treatment with this neurotrophin to increase the frequency of inhibitory currents in dissociated cultures from neocortex or hippocampus (Rutherford et al., 1997; Murphy et al., 1998) . Finally, such a regulation of inhibitory function by BDNF may occur in vivo, because BDNF overexpression accelerates the maturation of GABAergic inhibition in mouse visual cortex, in parallel with an acceleration of the maturation of GABAergic innervation (Huang et al., 1999) .
Possible functional consequences of the activitydependent regulation of the density of inhibitory synapses
The modifications of the density of inhibitory synapses occurred without concomitant changes of the density of excitatory synapses. This observation is in agreement with the finding that long-term treatment with a GABA A receptor blocker does not affect the number of dendritic spines in cultured hippocampal slices (Collin et al., 1997) . The same specificity was also found in organotypic cerebellar cultures and in the rat barrel field cortex in vivo Micheva and Beaulieu, 1995) . Such a regulation of the density of inhibitory synapses without changing the density of excitatory synapses may explain the imbalance of neuronal activity when cultures are returned to control medium after long-term blockade of excitatory or inhibitory activities. Cultures in which neuronal activity was blocked exhibit an increased activity (Furshpan and Potter, 1989; Segal and Furshpan, 1990; Corner and Ramakers, 1992; . In contrast, cultures in which neuronal activity was increased exhibit a decreased activity (Corner and Ramakers, 1992; Turrigiano et al., 1998) . Such regulations may also take place in vivo. Increased spontaneous activity in the rat barrel field cortex after sensory deprivation during development may be related to a specific decrease in the number of GABAergic synapses (Micheva and Beaulieu, 1995) . The specific modulation of the density of inhibitory synapses in response to changes in neuronal activity could therefore represent a feedback mechanism aimed at maintaining an appropriate level of activity in developing cortical networks. Figure 9 . Quantification of the effects of bicuculline treatment on GABAergic and non-GABAergic synapses in the stratum oriens. Results are presented as percentages of controls (white bars). Bicuculline increased the density of GABAergic synapses ( A) but did not affect the density of non-GABAergic synapses ( B), the area of GABAergic presynaptic terminals ( C), the length of synaptic junctions of GABAergic synapses ( D), or the density of gold particles in GABAergic presynaptic terminals ( E). n, Number of animals; Bic., bicuculline. *p Ͻ 0.05.
